A first-principles analysis of ballistic electron emission spectroscopy ͑BEES͒ is used to extract hot-electron lifetimes in metals. The lifetimes are computed within an ab initio framework based on density-functional theory and the GW approximation, and are used in a Keldysh Green function approach for the calculation of BEES currents. For the two prototypical systems Au/Si and Pd/Si, which exhibit a significantly different scattering dynamics, we find an excellent agreement with experiment, which allows an accurate determination of hot-electron lifetimes. DOI: 10.1103/PhysRevB.68.085107 PACS number͑s͒: 72.15.Lh, 68.37.Ef, 71.10.Ca, 71.15.Ap An accurate knowledge of inelastic hot-electron lifetimes in metals is of paramount importance for the understanding of a variety of important physical and chemical phenomena, ranging from surface chemistry to the design of devices based on metal-semiconductor junctions. However, the experimental knowledge of hot-electron lifetimes (E) due to electron-electron scatterings is still far from being complete. This somewhat surprising situation stems from the difficulties to extract (E) from experiment, a procedure in which the various physical mechanisms at play are usually inextricably intertwined. For that reason, the more attractive experimental techniques are those which allow the most direct extraction of lifetimes: besides the older standard techniques of transport, 1 photoemission and inverse photoemission, 2 which, however, usually seem to overestimate lifetimes, in recent years two-photon photoemission ͑2PPE͒ Ref. 3 and ballistic electron emission spectroscopy ͑BEES͒ Ref. 4 have received increasing interest. In 2PPE, one measures electrons excited in a two-photon cascade process: first, hot electrons are created by a femtosecond laser pulse; after a given time delay, a second pulse excites those electrons which have not suffered an inelastic scattering. Detection of these ionized electrons is used to extract (E). Unfortunately, the underlying analysis still depends on a number of decisive material parameters and transport processes, e.g., on the interplay of intraband and interband excitations, the assumed amount of Drude absorption, Auger decay, and secondary electrons, 3, 5 which substantially hampers a comprehensive theory for 2PPE including all these features. In contrast, in BEES hot electrons are not excited by optical means but are injected through a scanning-tunneling-microscope ͑STM͒ tip into a thin metallic layer deposited on a semiconductor substrate. For excess energies of the injected electrons slightly above the Schottky barrier, after passage through the metal film only those electrons which have not suffered an inelastic scattering can overcome the barrier at the metalsemiconductor interface, and are detected as the BEES current. The advantage of this technique, as compared to 2PPE, is the presence of the Schottky barrier which energetically filters all scattered and secondary electrons. This allows a rather direct extraction of lifetimes if a sufficiently sophisticated theory is applied to analyze the experimental data. The first step in this direction was undertaken in Ref. 6 where we calculated BEES currents using a parametrized (E), and demonstrated the sensitivity of this method for the extraction of such transport parameters. In this paper, we proceed significantly further and improve upon two important points: first, we compute the hot-electron lifetimes within an ab initio framework based on density-functional theory ͑DFT͒ ͓linearized augmented plane waves ͑LAPW͒ basis 7 ͔ and on the GW framework 8,9 and second, we carefully reexamine the tunneling process and abandon our previous restriction to consider only nearest-neighbor interactions. As will be discussed below, within this scheme, the whole BEES process of ͑1͒ tunneling, ͑2͒ transport through the metallic layer, and ͑3͒ transmission/reflection at the metal-semiconductor interface is now treated within a true first-principles manner, thus rendering BEES an ideal tool for the extraction of accurate (E) values. For the two prototypical Au/Si and Pd/Si systems, 10,11 we find an almost perfect agreement with experiment, which is a remarkable finding in view of the substantially different nature of inelastic scatterings in Au and Pd.
An accurate knowledge of inelastic hot-electron lifetimes in metals is of paramount importance for the understanding of a variety of important physical and chemical phenomena, ranging from surface chemistry to the design of devices based on metal-semiconductor junctions. However, the experimental knowledge of hot-electron lifetimes (E) due to electron-electron scatterings is still far from being complete. This somewhat surprising situation stems from the difficulties to extract (E) from experiment, a procedure in which the various physical mechanisms at play are usually inextricably intertwined. For that reason, the more attractive experimental techniques are those which allow the most direct extraction of lifetimes: besides the older standard techniques of transport, 1 photoemission and inverse photoemission, 2 which, however, usually seem to overestimate lifetimes, in recent years two-photon photoemission ͑2PPE͒ Ref. 3 and ballistic electron emission spectroscopy ͑BEES͒ Ref. 4 have received increasing interest. In 2PPE, one measures electrons excited in a two-photon cascade process: first, hot electrons are created by a femtosecond laser pulse; after a given time delay, a second pulse excites those electrons which have not suffered an inelastic scattering. Detection of these ionized electrons is used to extract (E). Unfortunately, the underlying analysis still depends on a number of decisive material parameters and transport processes, e.g., on the interplay of intraband and interband excitations, the assumed amount of Drude absorption, Auger decay, and secondary electrons, 3, 5 which substantially hampers a comprehensive theory for 2PPE including all these features. In contrast, in BEES hot electrons are not excited by optical means but are injected through a scanning-tunneling-microscope ͑STM͒ tip into a thin metallic layer deposited on a semiconductor substrate. For excess energies of the injected electrons slightly above the Schottky barrier, after passage through the metal film only those electrons which have not suffered an inelastic scattering can overcome the barrier at the metalsemiconductor interface, and are detected as the BEES current. The advantage of this technique, as compared to 2PPE, is the presence of the Schottky barrier which energetically filters all scattered and secondary electrons. This allows a rather direct extraction of lifetimes if a sufficiently sophisticated theory is applied to analyze the experimental data. The first step in this direction was undertaken in Ref. 6 where we calculated BEES currents using a parametrized (E), and demonstrated the sensitivity of this method for the extraction of such transport parameters. In this paper, we proceed significantly further and improve upon two important points: first, we compute the hot-electron lifetimes within an ab initio framework based on density-functional theory ͑DFT͒ ͓linearized augmented plane waves ͑LAPW͒ basis 7 ͔ and on the GW framework 8, 9 and second, we carefully reexamine the tunneling process and abandon our previous restriction to consider only nearest-neighbor interactions. As will be discussed below, within this scheme, the whole BEES process of ͑1͒ tunneling, ͑2͒ transport through the metallic layer, and ͑3͒ transmission/reflection at the metal-semiconductor interface is now treated within a true first-principles manner, thus rendering BEES an ideal tool for the extraction of accurate (E) values. For the two prototypical Au/Si and Pd/Si systems, 10, 11 we find an almost perfect agreement with experiment, which is a remarkable finding in view of the substantially different nature of inelastic scatterings in Au and Pd.
We start by calculating the ab initio lifetimes of metals. Our theoretical analysis follows the framework outlined by Echenique et al. 12 We start from DFT band structure calculations performed with the WIEN97 code 7 which provide us with the band structure E n and wave functions n (r), with n labeling the band index and wave vector. These results are used within the GW-approximation framework for the calculation of the self-energy, 13 whose imaginary part yields (E) according to ͑we use atomic units e 2 ϭmϭបϭ1)
with q being a wave vector within the first Brillouin zone BZ; G (GЈ) a reciprocal lattice wave vector; 0 and f the initial and final states of the hot electron, respectively; B 0 f the hot-electron overlap matrix elements for a given wave vector; and ⑀ the dielectric function calculated within the usual random-phase approximation. We emphasize our use of the full LAPW wave functions for the calculation of the overlap matrix elements B, which we consider to be crucial for the analysis of metals with strongly localized d-band states. Details of the calculation of B, which turned out to be the computationally most costly part of our numerical approach, are published elsewhere. Fig. 1͑c͒ . For all initial states, (E) nicely follows the energy dependence predicted by electron-gas theory, (E) ϳ(EϪE F ) Ϫ2 ͓dotted line in Fig. 1͑c͔͒ , whereas the absolute value of (E) turns out to be about three times larger, as predicted by the electron-gas theory. 15 This finding is in agreement with the results of Campillo et al. 16 and is attributed to genuine band structure effects. Furthermore, a closer analysis of our results reveals only minor importance of dynamic screening and of local-field effects; the latter point is in contradistinction to the pseudopotential calculations of Ref. 16 and clearly highlights the importance of using a most realistic wave function description for the calculation of (E) in transition metals. Next, we turn to the discussion of the Pd hot-electron lifetimes, Fig. 1͑d͒ , which exhibit an entirely different energy dependence that is almost constant over a wide range of initial energies E 0 ϳ0.2-2.5 eV. This surprising result is attributed to the d bands around E F , and can be understood qualitatively as follows ͑see Zarate et al. 17, 18 for a related discussion͒: because of the narrow energy width ⌬ of these bands ͓see Fig. 1͑b͔͒ , the mean energy exchanged in an inelastic scattering is approximately ⌬, irrespective of the initial hot-electron energy, which results in a constant (E); in contrast, the paraboliclike dispersion of Au leads to a (EϪE F ) increase of the number of scattering partners and of the phase space of final states, which results in the aforementioned electron-gas behavior of (E). It is noteworthy that these simple arguments can only provide a qualitative picture; detailed ab initio calculations are indispensable for obtaining accurate (E) values ͑as also evidenced by the dominant role of dynamic screening and local-field effects on (E) in Pd, which will be discussed elsewhere͒.
In the second step, we use our ab initio lifetimes (E) for the calculation of BEES currents. We follow the framework presented in Refs. 6,19 and calculate the BEES current I BEES as a function of tip voltage V t , according to:
Here the various terms can be associated to the different steps of the usual four-step BEES model: 20, 21 ͑1,2͒ I b (E,k ʈ ;V t ), the current distribution of injected electrons with energy E, and parallel wave vector k ʈ reaching the interface ͑see below͒; ͑3͒ T(E,k ʈ ) the two-dimensional quantum-mechanical transmission coefficient at the Schottky barrier 19 ͑with barrier height V b ); and ͑4͒ S(E), a factor accounting for phonon backscattering in Si of carriers that have successfully overcome the barrier ͑see Refs. 6,19 for our parametrization of S(E) based on complementary ensemble-Monte-Carlo simulations͒.
The object of central importance in our BEES analysis is the current distribution I b (E,k ʈ ;V t ) at the metalsemiconductor interface. This distribution is computed within a nonequilibrium Green's functions formalism 19 that includes band structure effects by means of a tight-binding parametrization. 22 Firstly, if we neglect the multiple reflections at the metallic layer, the BEES current can be expressed as:
where Ĝ i j R (Ĝ i j A ) is the retarded ͑advanced͒ Green's function and V i j the hopping matrix element connecting layers i and j in the metal; layer 1 and m correspond to surface and interface, respectively, and 0 denotes the last atom of the STM tip ͑we assume that only one atom in the tip is active in the tunneling process͒ which has a density of states 00 (E); and finally, the trace extends over our tight-binding basis. The hot-electron lifetimes are included in all Green's functions as an optical potential (E)ϭប/2(E), which causes an attenuation of the BEES current in accordance with the inelastic nature of electron-electron scatterings and the acting of the Schottky barrier as an energy filter. Note that no difficulties arise at this point due to our tight-binding parametrization 22 ͑which is obtained from ab initio calculations͒, since the hotelectron propagation is a pure band structure effect which is well described by means of Ĝ R,A in Eq. ͑3͒. We finally emphasize that our present analysis completely neglects quasielastic scatterings in the metallic layer, e.g., electron-phonon interactions, an approximation only valid for thin films ͑see Refs. 19,23 for a detailed discussion of phonon scattering͒.
For thin metallic films, the BEES current is noticeably influenced by electrons which are reflected multiple times between surface and interface. 10 In such processes, the quality of the metal-semiconductor interface is of central importance: quite generally, for high quality, k ʈ is conserved at interface scatterings, resulting in specular reflection, whereas for low quality there is no k ʈ conservation and diffuse reflection occurs. 24, 25 For our present study, we assume specular reflection for the high-quality Au/Si͑111͒ interface ͑in accordance with experimental 26 and theoretical 19, 23 evidence͒ whereas for Pd/Si we assume diffuse reflection. 11 Within our Green's function approach, for specular reflection the contribution to I b from the ith passage is given by Eq. ͑3͒ when replacing m by (2iϩ1)m. For diffuse reflection electrons scattered after the first passage exhibit a random k ʈ distribution, which can be simulated by using a uniform initial tunneling current distribution in k ʈ space.
The second important improvement of this paper concerns our description of the tunneling process, in which we abandon our previous restriction of interactions between tip and a single atom in the metallic layer, but now allow for all possible tunneling paths. Hence, in real space, V 01 (R 1i ) becomes a matrix linking different sites in the surface layer R 1i with the tip-apex atom 0; the distance dependence of these matrix elements is computed within the Wentzel-Kramer- Brillouin ͑WKB͒ approximation for the interface potential presented in Ref. 27 , and we finally obtain
. From this analysis, we make the following important observations: first, the magnitude of V 01 (R 1i ) decreases rather slowly with distance ͑e.g., only by a factor of ϳ2 between first-and second-nearest neighbors͒ Ref. 31 ; second, the more the atoms are involved in the ͑real-space͒ tunneling process, the narrower the current distribution in k ʈ space becomes. This is clearly shown in Figs. 2͑a,b͒ for the tunnel distribution at the surface and interface, respectively, which should be compared to the broad k ʈ distributions of our previous work 6 ͓the missing current contribution around k ʈ Х0 is due to the Au propagation gaps along ͑111͒, Ref. 19,28͔ . Figure 3͑a ,c͒ shows our calculated BEES currents in comparison with the experimental data of Refs. 10,11 for Au/Si and Pd/Si, respectively. We observe excellent agreement between theory ͑solid lines͒ and experiment ͑symbols͒ for both the material systems, which we consider a remarkable finding in view of the first-principles character of our analysis ͑i.e., no fitted values͒ and of the entirely different scattering dynamics in Au and Pd. In Fig. 3͑c͒ we show the BEES spectrum for 46 Å of Pd on Si͑111͒; the very good agreement gives us strong confidence in our approach, in particular since our BEES description is directly adopted from our older Au/Si work. 6, 19, 28 with the improvement of more realistic tunneling injection and the only exception of diffuse interface scattering, which we consider inevitable in view of the poor Pd/Si interface quality. 11 Taking into account multiple reflections at the interface, we reproduce the experimental data 11 using the lifetime values computed in the ab initio LAPW-GW calculation. Moreover, using our calculated values, we found agreement even for different Pd thicknesses with discrepancies of 10-20% when compared to I-V experimental curves as reported in Ref. 11 ͓see error bars in Fig.  3͑d͔͒ . On the other hand, the agreement for Au/Si is also very good. In Fig. 3͑a͒ we show the BEES spectrum for 75 Å of Au on Si͑111͒. Note that in previous BEES analysis, a substantially smaller (E) was needed to obtain agreement with experiment. 10 The small value of the BEES current, compared with the current injected from the STM tip (1nA) is not just due to the attenuation caused by electron-electron scatterings but indicate that an additional mechanism must be at play. Here, the most likely candidate is the aforementioned narrow k ʈ distribution ͑that we did not take into account before͒ together with a strong degree of k ʈ conservation at interface reflections/transmissions. In this situation, only a small portion of electrons, only those with appropriate energy and parallel momentum ͓see ellipses in Fig. 2͑b͔͒ , can enter into the semiconductor. Finally, in Figs. 3͑b,d͒ we compare our calculated hot-electron lifetimes to other experimental and theoretical values reported in the literature. Quite generally, all theoretical work has been based on densityfunctional theory within the local-density approximation, but different basis sets have been used, e.g., plane waves and norm-conserving pseudopotentials, 8, 29 or linear muffin-tin or- 18,30͒ and two photon photoemission ͑2PPE͒ experiments ͑Ref. 5͒. Error bars for Au data ͑panel b͒ account for the variations in LAPW needed to obtain perfect agreement with BEES experimental spectra ͑panel a, solid squares͒ whereas for the case of Pd ͑panel d͒, these error bars reflect changes in LAPW required to fit experimental data reported for different metal thicknesses ͑Ref. 11͒. bitals ͑LMTO͒. 18 Comparing the latter LMTO (E) values with the present LAPW results, we observe a nice agreement for Au but a discrepancy of about 20% for Pd. We attribute this discrepancy to our improved description of the full potential, in contrast to the atomic sphere approximation of the LMTO method. As regards the experimental 2PPE lifetimes reported for Au, we observe approximately 40% larger values in comparison to our theoretical results. The origin of this discrepancy, which has been already noted in the literature, is not completely clear, but is probably related to the lack of a sufficiently sophisticated theoretical analysis comprising all relevant details.
In conclusion, we have presented a first-principles analysis of hot-electron lifetimes for Au/Si and Pd/Si. We have computed them within a LAPW-GW framework, and have used these values in a Keldysh Green's function approach for the calculation of BEES currents. Excellent agreement between experiment and theory has been found for both Au/Si and Pd/Si, which we consider to be a remarkable finding in view of the different nature of scatterings in Au and Pd. We thus believe that BEES is an ideal tool for the extraction of accurate (E) values in metals, and hope that our work will provide stimulus for future experimental studies. 
